SUMMARY Rats were subjected to a 30 minute period of combined hypoxia (Fi°2 = .08) and hemorrhagic hypotension (MAP = 30 mm Hg), then resuscitated by restoration of Fi0 2 = .30 and reinfusion of shed blood and saline. Intracranial blood volume, hemoglobin saturation, and the cytochrome a,a" redox state were monitored through the intact skull during hypoxic hypotension and after resuscitation utilizing reflectance spectrophotometry. Although resuscitation returned arterial blood pressure, arterial pO" and hemoglobin saturation toward normal, a sustained, significant (p < .005) reduction in cytochrome a,a, remained. A parallel series of rats was subjected to identical hypoxic hypotension. At designated intervals the animals were sacrificed to determine brain ATP, ADP, and inorganic phosphate (Pi). The data are discussed in terms of relationships between high energy phosphate metabolism and recorded changes in cerebral cytochrome a,a % redox state.
THE current leading cause of death following trauma is central nervous system dysfunction, either as a result of direct mechanical injury to the brain, or as an indirect result of associated hypoxia and hypotension. The present investigation is an extension of previous studies conducted by us concerning alterations in brain high energy phosphate production after periods of hemorrhagic hypotension and hypoxia, 1, 2 in which it was noted that brain ATP concentrations failed to return to normal despite restoration of blood pressure and brain oxygen tensions. Since better than 90% of cellular ATP production occurs by means of oxidative phosphorylation and because tissue 0 2 utilization is directly proportional to the rate of electron transfer from cytochrome c oxidase (cyt. a,a s ) to molecular 0 2 , in vivo changes in the reduction/oxidation (redox) state of this enzyme are indicative of cellular energetics and oxygen sufficiency.
Keilin 3 was the first to demonstrate spectroscopically that the cytochrome hemes could be independently identified on the basis of their characteristic absorption patterns during changes in redox states; e.g., in the visible spectrum at 605 and 445 nm for cyt. a,a 3 . Subsequent development of sensitive spectrophotometric techniques by Chance 4 saturation. Such methodology was employed in the present study to determine the effects of combined hypoxia and hypotension on the above parameters in rat brain. In order not to disturb intracranial pressure conditions the skull was left intact. In rats the bone is sufficiently thin and transparent to allow significant penetration of the monochromator wave lengths employed for useful measurements. The optical results are compared with chemically measured changes in cerebral metabolites.
Methods

Group I
Non-fasted, male, adult, Sprague Dawley rats were anesthetized with sodium pentothal (50 mg/Kg, i.p.). Both femoral arteries and one femoral vein were cannulated using PE 50 and PE 10-PE 50 catheters. This allowed for: anaerobic blood sampling (Paco 2 , Pao 2 , pHa); arterial blood pressure monitoring; and intravenous infusion of blood, saline, and drugs. After tracheostomy, the animals were immobilized using tubocurarine chloride (1.2 mg/Kg i.v.). Upon cessation of spontaneous breathing, the rats were attached to a rodent respirator (Harvard) and ventilated with 30% O 2 /70% N 2 . The tidal volume and/or respiratory rate were adjusted to achieve an arterial pco 2 35-40 mm Hg and a po 2 close to 100 mm Hg. Rats with a Pao 2 less than 95 mm Hg were discarded. A lightly anesthetized, paralyzed state was maintained by intermittently administering appropriate doses of sodium pentothal and tubocurarine chloride (i.v.). The animals' heads were fixed in a stereotaxic device, the skin and muscles reflected, and the dorsal skull exposed. An optical fiber bundle was positioned to deliver incident light to the parieto-occipital area of one cerebral hemisphere at a 45° angle to a Leitz microscopic system with attached photomultiplier and amplifier. Light delivered in this fashion penetrates approximately one millimeter into the cerebral cortex. Details of the spectrophotometric technique and its applications have been published previously. 6 Briefly, four monochromators were used to independently deliver light at 605, 590, 586, and 577 nm respectively. The following absorption peaks were monitored; reduced cytochrome a,a 3 at 605 vs. 590 nm; oxyhemoglobin at 577 vs. 586 nm. The signal at 586 nm, an isobestic point of the Hb and Hbo 2 spectra, was used to compensate by negative feedback on the photomultiplier sensitivity for changes in quantity of hemoglobin and, by inference, blood volume, in the illuminated optical field ( fig. 1 ). Concomitantly the feedback signal was used as an index to the blood volume changes. Signals are presented in terms of optical density units and are expressed as changes from baseline levels.
After stabilization and documentation of baseline conditions, the inspired fraction of oxygen, (F?
2 ), was reduced to 8% and arterial blood was withdrawn to lower the mean arterial pressure (MAP) to 30 mm Hg. This state was maintained for 30 minutes by intermittent infusion or withdrawal of blood, at which time all rats were "resuscitated" by restoration of the Fi°2 = 30% and intravenous reinfusion of all shed blood plus an equal volume of saline. Spectrophotometric data plus determinations of arterial pressure, po 2 , pco 2 and pH were noted at baseline, at the end of the 30 minute period of hypoxia and hypotension, (shock) and 20 and 120 minutes post-shock (S + 20: S + 120).
Group II
A separate series of rats was experimentally manipulated in a manner identical to that used in Group I. However, in this case the animals were additionally prepared for biochemical analyses. A plastic chimney was fastened to the exposed skull and the animals were sacrificed at baseline, shock, S + 20 or S + 120 by pouring liquid nitrogen into the chimney. Previously 6 it has been shown that using this technique a freezing front advances through the brain while circulation is still intact. After 1-2 minutes when the animal's arterial pressure begins to fall, the animal is quickly immersed in liquid nitrogen. The brains were removed under liquid nitrogen irrigation, the area of the cortex removed corresponding to that area illuminated in Group I, and subsequently extracted in HC1 methanol. ATP, ADP and lactate concentrations were determined using the enzymatic techniques described by Lowry and Passoneau. 7 Inorganic phosphate (P[) was determined using the method of Bergmeyer. 8 In both groups, significant differences from baseline were calculated using the Student Mest.
Results
A 30 minute period of hypoxic-hypotension resulted in obvious acid base derangement in both groups of rats as evidenced by decreased Paco 2 and pHa (table  1) . Despite identical hypoxic-hypotensive stresses, Group I rats were generally more acidotic, hypoxic, hypocarbic, and hypotensive after resuscitation.
As expected, hypoxic-hypotension caused an increase in brain lactate as well as a decrease in ATP concentration (table 2) . There were no significant changes in ADP and P ( concentrations. Upon resuscitation by restoration of the Fi°2 = 30% and in- 3 became rapidly more reduced as brain hemoglobin became progressively disoxygenated ( fig. 2 and fig. 3) . A persistent and significantly (p < .01) higher reduction level of cyt. a,a 3 was maintained throughout the subsequent S + 20 and S + 120 measuring periods. This increased level of reduced cytochrome was maintained in spite of recovery of cerebral hemoglobin saturation, mean arterial blood pressure, and Pao 2 .
Vascular perfusion and oxygen availability were apparently adequate to reinstate aerobic metabolism as evidenced by measured decreases in lactate concentrations to pre-hypoxic hypotensive control levels; yet, cerebral cytochrome oxidase still failed to become reoxidized. The quantity of intracranial hemoglobin, i.e. blood volume by extrapolation, remained constant throughout the experimental protocol ( fig. 4 ).
Discussion
Since both groups of animals were experimentally manipulated in an identical fashion, we assume that the differences in pH, po 2 , pco 2 , and MAP between groups result from the small numbers of animals and normal biological variability. Since Group I data were collected sequentially from the same animal and Group II data were collected from separate animals at the time of sacrifice, statistical analysis of such small numbers of animals would not contribute much toward the understanding of the data. Although Group I animals were more acidotic, hypotensive, and hypoxic after resuscitation, it is our opinion that differences of this magnitude could not entirely account for the observed alterations in cytochrome a,a 3 redox state although they may contribute.
The maintenance of a normal intracranial hemo- globin concentration and, by inference, blood volume, despite hemorrhagic shock, is most likely due to the fact that the paralyzed animal was positioned with its head at the level of the body axis. We presume one of the central pools of blood during shock consists of the brain and its venous sinuses. Furthermore, vasodilatation of cerebral vessels occurs when arterial pressure is below the level at which autoregulation fails. 9 An on-going study using rats 10 and a protocol identical to that employed in this study, tends to confirm the maintenance of blood within the brain by means of red cells tagged with technesium. No significant differences have been found comparing the spectrophotometric and radioisotope data.
BLOOD VOLUME
It is common for patients to be admitted to the Trauma Service with levels of hypoxia and hypotension similar to those employed in the experimental model used in this study. Not infrequently, despite vigorous and apparently successful resuscitation procedures as judged by re-establishment of arterial blood pressure and po 2 , progressive cerebral dysfunction still ensues. The measured increases in arterial pressure and po 2 following "resuscitation" in the current protocol closely mimic our extensive clinical observations. Although clinical manifestations of abnormalities in cerebral function associated with hypoxic-hypotension trauma have been attributed to ultimate derangement of mitochondrial function in terms of high energy phosphate metabolism, this interpretation has not been conclusively established due to lack of appropriate technology. Thus far, we 1 and others 11, 12 have investigated high energy phosphate metabolism and mitochondrial function on the basis of in vitro biopsy assay procedures. The application of reflectance spectrophotometry currently permits nondestructive monitoring of mitochondrial function through the intact skull thus enabling direct observations of sequential events induced by hypoxia and hypotension.
The above approach allowed us to detect a sustained reduction of cerebral cytochrome a,a 3 "postresuscitation", at a time when arterial blood pressure and po 2 were near normal. Such findings have not been previously reported. Incomplete recoverability of cerebral ATP concentrations and the persistent redox shift of cytochrome a,a 3 to a more reduced state strongly indicate mitochondrial functional impairment resulting from the 30 minute period of combined hypoxia and hypotension. The post-resuscitation decrease in cerebral lactate concentrations together with partial hemoglobin resaturation suggests either cerebral lactate "washout" or, more likely, decreased lactate production owing to enhanced aerobic metabolism. The latter is more likely in view of the ATP production, albeit lower than control baseline levels. Thus the reversal of the Pasteur reaction appears to inhibit glycolysis although mitochondrial ATP production is not completely restored. Whether or not a critical threshold for stimulation of glycolytic activity by reduced ATP exists, we cannot say.
Possible explanations to account for the sustained level of reduced cytochrome a,a 3 and concomitant decrease in ATP include (a) uncoupling of oxidative phosphorylation with electron transfer "outstripping" the available oxygen; (b) deficient oxygen; (c) over abundance of substrate (lactate), thus providing more reducing equivalents than available oxygen; or (d) a block in electron flow between a,a 3 and oxygen.
The continued presence of free energy, as indicated by the relatively small lowering of ATP and its partial recovery by S + 20, and the lack of change in ADP and Pj, suggests that complete uncoupling was not present. However, partial uncoupling and an impairment of the efficiency of oxidative phosphorylation has. been invoked as an explanation to account for decreased ATP concentration associated with hypoxic hypotension. 1 An imbalance of reducing equivalents versus oxygen availability is an unlikely explanation to account for the failure of cyt. a,a 3 reoxidation. In light of the above, our hypothesis is that either partial mitochondrial uncoupling and/or partial blockage of electron flow from cyt. a,a 3 to molecular oxygen offers the best interpretation of our present findings.
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